The Abruzzi bauxite district includes the deposits located on the Campo Felice plateau and those of the Monti d'Ocre, which had been mined in the first part of the 20th century. Bauxite is of the karst type, with textures ranging between oolitic and oolitic-conglomeratic, the latter suggesting a partial reworking of evolved lateritic soils. The high contents of Al 2 O 3 and Fe 2 O 3 (average values 53.76 and 21.76 wt %, respectively) are associated with the presence of boehmite, hematite, and minor goethite. SiO 2 and TiO 2 have average values of 7.79 and 2.75 wt %, corresponding to the presence of kaolinite, anatase and rutile. Among the minor so-called "bauxitophile" elements V, Co, Ni, Cr and Zr, the most enriched is Cr, with an average value of 0.07 wt %. Nickel has an average value of 210.83 ppm. Vanadium shows an average value of 266.57 ppm, whereas the average Co concentration is 35.89 ppm. The total rare earth elements (REE) concentration in the sampled bauxite sites is variable between ca. 700 and 550 ppm. Among REEs, the most abundant element is Ce, with Ce anomalies commonly associated with authigenic REE-fluoro-carbonates, probably produced after the REEs remobilization from primary detrital minerals and their precipitation in neo-formed phases during the bauxitization process. Scandium and Ga occur in small amounts (57 and 60 ppm, respectively), but geochemical proxies of their remobilization and uptake in neo-formed minerals (Feand Al-(hydr)oxides, respectively) have been observed. The mean Eu/Eu* and Al 2 O 3 /TiO 2 ratios and the Ni-Cr contents of the Abruzzi bauxites suggest that the parent rock of these deposits was a material of acid affinity, likely corresponding to volcanic tephra or eolic loess-type sands.
Introduction
Bauxites are economic concentrations of aluminum, developed from the weathering of alumosilicate-rich parent rocks. These residual deposits are mainly formed under humid tropical to sub-tropical climates, with rainfalls in excess of 1.2 m and annual mean temperatures higher than 22 • C [1] . Aluminum in bauxites is known to be precipitated in form of gibbsite [Al(OH) 3 ] or amorphous Al-hydroxides. Bauxites that were subjected to several diagenetic stages consist mainly of boehmite [γ-AlO(OH)], which is less hydrated than gibbsite, and diaspore [α-AlO(OH)]. Iron is separated from aluminum and is frequently concentrated as hematite, goethite, and less as lepidocrocite.
As of January 2016, the worldwide bauxite reserves stood at 27.5 billion tonnes. Global bauxite production was estimated at 279.7 million tonnes in 2015, down 0.3% year-over-year, attributed to a production decline during the year in Brazil, Indonesia and China [2] . In 2017, the world bauxite resources were estimated to be 55-75 billion tonnes [3] , comprising Africa (32%), Oceania (23%), South America and the Caribbean (21%), Asia (18%), and elsewhere (6%).
Though several intense paleoweathering periods have been recorded in the Tethys realm from Upper Paleozoic to Mesozoic, the Cretaceous-Eocene interval is considered the most favorable for bauxitization [4] . In the European continent, Cretaceous marked one distinctive period of closure of part of the Tethys Ocean accompanied by collision, uplift, and exhumation of both ophiolitic suites and sedimentary successions. Many of the circum-Mediterranean bauxites, including those located in the Italian peninsula, are Cretaceous in age, all formed in karstic environments ("karst bauxites", after [5] ) on exhumed carbonate rocks, which behaved as both physical and chemical traps. The karstic network provided optimum drainage, necessary for further desilicification of bauxites, as well as providing a protected environment from later surface erosion [5] . Most European bauxites are characterized by minerals deposited in high Eh conditions, and are rich in "bauxitophile" trace elements, like V, Co, Ni, Cr, Zr and local REEs [5] .
Bauxite deposits, at present uneconomic due to their small size and scattered distribution, occur along a Cretaceous stratigraphic gap in the carbonate platforms of Central and Southern Italy (Figure 1 ) in Abruzzi-Molise, Campania and Apulia regions. In the Abruzzi district bauxite was discovered by J.A. Meissonnier in 1857, and the first Italian mine for aluminum production was opened near the village of Lecce nei Marsi in 1905. Further bauxite outcrops were soon located in the whole Abruzzi region, as well as in nearby Campania [6] . Several bauxite concentrations were then discovered also in Northern (Gargano, Murge) and Southern (Salento) Apulia at the beginning of the 20th century [6] .
The main bauxite horizons in Central and Southern Apennines are Aptian to Turonian in age, and prevailingly boehmitic [6] [7] [8] [9] [10] [11] . Despite their low economic value, these bauxites can be considered as a model analogue for other, far more economic karst bauxite deposits in the world. The data presented here refer to two old mining areas (Campo Felice and Monti d'Ocre) in the Abruzzi region, where bauxites were exploited in the first part of the 20th century. The present study integrates the mineralogical and petrographic characterization of the Abruzzi bauxite conducted by [7] . The main aim of this research is to describe the distribution and the behavior of the minor and trace elements (with particular attention to the distribution of REEs) during the bauxitization process, and their relationship with the main mineral components of the bauxite deposits. A particular focus will be also devoted to discuss the nature of the parent material of the studied bauxites that, as for other karst bauxites of the world, is not always obvious, and to their comparison with other similar deposits of the Mediterranean realm.
Geological Setting
Abruzzi karst bauxites are incorporated in a thick Meso-Cenozoic carbonate succession, which is part of Apennine Carbonate Platform (ACP) [12] , and occurs within the Apennine fold and thrust belt ( Figure 1 ). This belt forms part of the Africa-verging mountain system in the Alpine-Mediterranean area that evolved within the framework of a convergent motion between the African and European plates since Late Cretaceous [13] . Up to Oligocene, a roughly North-South convergence was dominant in the belt. During Neogene, an east-directed thrusting toward the Apulian continental margin prevailed, as a response to the opening of the Tyrrhenian Sea [14] [15] [16] [17] . During this time, the tectono-stratigraphic evolution of the Adria experienced several episodes of coeval uplift and drowning. Different sectors of the Apennine and Apulian platforms were thus characterized by changes in the paleoenvironments, leading to different stratigraphic records (from shallow-water to slope and basin), as well as to the development of bauxite layers. The Albian-Eocene interval was also characterized by the occurrence of anorogenic magmatism and synsedimentary extensional faulting that, along with the variable sedimentary facies distribution, point to a crustal-scale extensional tectonics [18] .
The Apennine sedimentary successions consist mainly of carbonates, shales and cherty carbonates (the latter limited to basinal facies), ranging in age between Late Triassic and Early Miocene with substantial facies and thickness variations [19] . The Mesozoic sediments enclose, from the east to the west, a shallow water carbonate platform-dominated succession (Apulian Platform), deep basinal successions (Umbria-Marche in the Northern and Lagonegro basin in the Southern sector of the chain), and another shallow water carbonate platform-dominated succession deriving from the so-called "internal" or Apennine Carbonate Platform (ACP) [20] [21] [22] . During Late Aptian-Coniacian till Late Cretaceous, the ACP experienced repeated and long-lasting sub-aerial emersions, locally marked by bauxite deposits [7, 8, 13, 23] . The various mid-upper Cretaceous stratigraphic gaps are comprised in a wide time-span, thus supporting the presence of a complex, tectonically controlled paleotopography and the long-lived exposure of some sectors of the ACP [9, 18, 23] . The sub-aerial exposures resulted in an intense karstification, followed by bauxite deposition [8, 10, 24, 25] . In the Abruzzi district, two main discontinuous bauxite horizons can be recognized: a first (bx1), which is the most prominent, locally reaching 10 m of thickness, corresponds to a Late Albian-Early Cenomanian stratigraphic gap, and a second (bx2), with a maximum thickness of 1 m, bounded by Late Cenomanian-Early Turonian limestones [12, 26, 27] . The Cretaceous succession ends everywhere with a Paleogene gap, followed by Early Miocene sediments, consisting of limestones with Pectinidae, Bryozoa and Litotamna [12] . 
Local Geology and Outcrops Description

Local Geology
The bauxite outcrops considered for this study are located about 10 km south of L'Aquila city, and occur on the Campo Felice plateau and in the Monti d'Ocre area [29] . They correspond to old mine sites all established on the first and most prominent (and at the beginning of the 20th century "economic") bauxite horizon (bx1), located along the Late Albian-Early Cenomanian gap of the Mesozoic stratigraphic succession. In these sites, the stratigraphic section starts with micritic carbonates with Dictyoconus algerianus (Early Albian), located at the footwall of the bauxite horizon (bx1). The part of the succession on top of bauxites consists of micritic carbonate sediments and greenish marls, which are concluded by the Cisalveolina fraasi bio-horizon (Cenomanian). This section is followed by a carbonate breccia with bauxite matrix, which corresponds to the thinner (and "uneconomic") second bauxitic level (bx2), associated with a Late Cenomanian gap [12] . About 10 m of micritic, fenestral limestones with Moncharmontia apenninica and Nummoloculina cf. irregularis (Turonian), follow upwards.
The stratigraphic logs of the bx1 bauxite horizons [Vecchia Miniera (CFRM, Figure 2a 
Campo Felice (CFSW)
The Campo Felice SW outcrop is located a few km south of CFRM. In this locality, reddish soils are widespread, possibly representing the remnants of an extended bauxite horizon. The visible bauxite layer is currently about 30 m wide and 2 m thick (Figures 2d,e and 3g) . At the footwall, karstified and brecciated limestone occur, characterized by infilling of reddish bauxite (Figure 3h ). The hangingwall consists of whitish, marly mudstone. In addition, another bauxite deposit occurs 3 km South-West, which due to its small size has not been sampled for this study. This tiny bauxite outcrop shows the following lithotypes from the stratigraphic bottom to the top: a 2 m thick bauxite layer, dark red in colour with lighter spots, followed by a 30 m thick clayey layer. The succession is topped by white, stratified limestone (Figure 2e ).
Monti d'Ocre (MOC 2)
In the Monti d'Ocre outcrop (Figures 2f and 3i ) the bauxite horizon has a thickness of 3 m. The bauxite ore is dark-red, with nodular zones and abundant detrital fragments. Ooides are not very abundant and the deposit mainly has a clayey lithology. In the hangingwall, below the limestone, several fossiliferous zones have been observed. 
Vecchia Miniera (CFRM)
The Vecchia Miniera outcrop is located in the NW sector of the Campo Felice plateau, and consists of a bauxitic body of lenticular shape below a limestone hangingwall ( Figure 3a) ; the footwall contact is covered by debris and waste. The maximum thickness of the bauxite layer is 10 m (Figure 2a ), while its length is about 25 m. The bauxite texture is matrix-supported, with the oolites and clasts displaying various degrees of rounding (from roughly fragmental to oolitic-pisolitic) and a medium-to-low sorting degree. The bauxite lithology shows whitish irregular patches alternated with dark red ones (Figure 3b ). On the top of the ore horizon, the hangingwall starts with an ochre to reddish pelitic level, which is covered by nodular-brecciated carbonates (Figure 3c ). The hangingwall limestone occurs as a white-grey lithotype. 
Materials and Analytical Methods
For the present study, 25 bauxite samples were collected from the Campo Felice area (CFRM, CFMT and CFSW) and from one of the small deposits of the Monti d'Ocre (MOC 2). The location of the collected samples within the studied bauxite profiles is depicted in Figure 2 .
Mineralogical analyses on bauxite samples, defined mainly through X-ray powder diffraction (XRPD), were carried out on the Vecchia Miniera and Mt. Orsello prospects. In the Campo Felice and Monti d'Ocre outcrops, only isolated specimens were collected, and used for bulk geochemistry.
X-ray powder diffraction (XRPD), was carried out at the Osservatorio Vesuviano-INGV (Naples, Italy) with a PANalytical X-ray diffractometer (PANalytical, Almelo, The Netherlands), with Cu radiation Kα1 1.540598 Å, Kα2 1.54443 Å, Kβ 1.39225 Å, 40 kV and 30 mA, 10 s/step and a step scan of 0.01° 2θ. Qualitative XRD analyses were performed on all samples, using the "Xpowder" software.
Polished thin sections (~30 μm thick) were studied under petrographic microscope (transmitted and reflected light). SEM examination was carried out using a JEOL JSM 5310 instrument (JEOL, Tokyo, Japan) at the Dipartimento di Scienze della Terra, dell'Ambiente e delle Risorse (DiSTAR, Naples, Italy) and EDS microanalyses of mineral phases in thin sections were obtained by the INCA system (Oxford Instruments, Abingdon, UK), mounted on the same instrument.
Whole rock chemical analyses of major, minor and trace (including REE) elements of the bauxite samples were carried out by ACME Analytical Laboratories Ltd. (Vancouver, BC, Canada). For chemical analysis 0.5 g of each samples were leached with aqua regia, and then submitted to LiBO2 fusion and inductively coupled plasma emission (ICP-ES) spectrometer analysis for the determination of major oxides (package LF202), with minimum detection limit (M.D.M) between 
Mt. Orsello (CFMT)
Bauxite in the Mt. Orsello crops out on the SW side of the ridge carrying the same name. The dark red bauxitic lens has a maximum thickness of about 10 m (Figure 2b ) and a length of 100 m (Figure 3d ). The texture is matrix-supported, but in comparison with the previous outcrop there is a greater abundance of both detrital and/or oolitic-pisolitic components, with a moderately homogeneous sorting. Yellowish patches occur as at Campo Felice (Figure 3e) . A matrix-supported texture is common, but the clasts are less abundant (Figure 3f ). The footwall limestone is visible on the South-Eastern flank of the outcrop (Figure 2c ) and shows evidence of karsting and of brittle deformation. A limestone layer follows on top of the bauxite body, showing a significant content in Fe-oxides. This calcareous layer passes laterally to ochraceous limestone (about 1 m thick, Figure 2c ) with a nodular appearance. On the top of this interval there is the milky-white hangingwall limestone s.s., with evidence of brittle deformation.
Campo Felice (CFSW)
Monti d'Ocre (MOC 2)
In the Monti d'Ocre outcrop (Figures 2f and 3i ) the bauxite horizon has a thickness of 3 m. The bauxite ore is dark-red, with nodular zones and abundant detrital fragments. Ooides are not very abundant and the deposit mainly has a clayey lithology. In the hangingwall, below the limestone, several fossiliferous zones have been observed.
Materials and Analytical Methods
X-ray powder diffraction (XRPD), was carried out at the Osservatorio Vesuviano-INGV (Naples, Italy) with a PANalytical X-ray diffractometer (PANalytical, Almelo, The Netherlands), with Cu radiation Kα1 1.540598 Å, Kα2 1.54443 Å, Kβ 1.39225 Å, 40 kV and 30 mA, 10 s/step and a step scan of 0.01 • 2θ. Qualitative XRD analyses were performed on all samples, using the "Xpowder" software.
Polished thin sections (~30 µm thick) were studied under petrographic microscope (transmitted and reflected light). SEM examination was carried out using a JEOL JSM 5310 instrument (JEOL, Tokyo, Japan) at the Dipartimento di Scienze della Terra, dell'Ambiente e delle Risorse (DiSTAR, Naples, Italy) and EDS microanalyses of mineral phases in thin sections were obtained by the INCA system (Oxford Instruments, Abingdon, UK), mounted on the same instrument.
Whole rock chemical analyses of major, minor and trace (including REE) elements of the bauxite samples were carried out by ACME Analytical Laboratories Ltd. 
Results
Mineralogy and Petrography
According to XRPD analyses (Table 1) , the main oxy-hydroxides in the Vecchia Miniera and Mt. Orsello bauxites are boehmite, hematite, anatase and rutile, recorded in all the samples. Another common phase is gibbsite, which was most frequently identified in the Vecchia Miniera deposit. Other minor hydroxides are goethite and lepidocrocite, detected only at the Vecchia Miniera. A ubiquitous clay mineral in all deposits is kaolinite. Accessory minerals are calcite and illite.
The petrographic characteristics of bauxite are not significantly different between the samples taken at Vecchia Miniera and those of Mt. Orsello. The texture of the ore is mainly matrix-supported ( Vecchia Miniera which highlight a certain degree of transport and thus their detrital origin. REEs authigenic minerals, such as fluoro-carbonate (parisite) and florencite-like phases, were also detected in cavities of the rocks (Table 2) , with crystal textures ranging between massive to needle-shaped ( Figure 5i ). Selected chemical microanalyses and structural formulas of the REE minerals are reported in Table 2 REE-fluoro-carbonates have a complex chemistry that can be mainly associated to a parisite-like composition [31] . Also, in parisite Ce (Ce2O3 average value = 40.92 wt %, 1.40 apfu Ce) is the main REE, whereas Nd (Nd2O3 average value = 9.34 wt %, 0.31 apfu Nd) and La (La2O3 average value = 8.25 wt %, 0.29 apfu La) are less abundant, Moreover, in the analyzed parisite Ca is generally scarce (CaO average value = 4.52 wt %, 0.46 apfu Ca), if compared with the proper parisite [31] . In the latter SEM images of the bauxite samples are shown in Figure 5 . The oolites have a high degree of textural complexity, and in many cases, they are characterized by concentric textures, with bands of Fe-hydroxides alternated with layers of Al-hydroxides ( Figure 5a ). Another common feature of the oolites is shown in Figure 5b -d: an Al-hydroxide rim, likely corresponding to boehmite, which grows upon a detrital hematite core, characterizes the oolitic concretions. The matrix of the bauxite samples is mainly kaolinitic, finely inter-mixed with boehmite and/or Fe-oxy-hydroxides (Figure 5b-d) . Both the oolites and the matrix enclose a wide range of fine-grained (diameter < 30 µm) heavy minerals such as REE-phosphates (monazite and xenotime, Figure 5e ,f), ilmenite, baddeleyite, rutile, and zircon (Figure 5f-h ). These phases exhibit smooth to angular surfaces and broken crystal forms, which highlight a certain degree of transport and thus their detrital origin. REEs authigenic minerals, such as fluoro-carbonate (parisite) and florencite-like phases, were also detected in cavities of the rocks (Table 2) , with crystal textures ranging between massive to needle-shaped (Figure 5i ). Nickel has an average value of 210.8 ppm and shows the highest values in the Vecchia Miniera deposit (~210-230 ppm), whereas this element is depleted in the bauxite of the Monti d'Ocre (~160-180 ppm). Vanadium shows an average value of 266.5 ppm, with concentrations slightly variable in all deposits, except for the anomalously high values of the Vecchia Miniera and Mt. Orsello bauxites (respectively 312 and 319 ppm). Cobalt has average values of 35.8 ppm.
In the diagrams of Figure 6 , it can be observed that Al2O3 and SiO2 display a negative correlation in the Campo Felice and in the Monti d'Ocre bauxites, whereas these oxides do not show any correlation in the Vecchia Miniera and Mt. Orsello deposits (Figure 6a ). Fe2O3 has a negative correlation with Al2O3 (Figure 6b ) in all deposits, with a moderate fitting of data. TiO2 has a perfect average value = 7.98 wt %, 0.32 apfu Nd). In regard to the chemistry of the florencite-like phases, it must be highlighted that a significant LREE (light rare earth elements) excess and a slight Al-deficiency have been detected in the Abruzzi samples, in comparison with the nominal florencite [30] .
REE-fluoro-carbonates have a complex chemistry that can be mainly associated to a parisite-like composition [31] . Also, in parisite Ce (Ce 2 O 3 average value = 40.92 wt %, 1.40 apfu Ce) is the main REE, whereas Nd (Nd 2 O 3 average value = 9.34 wt %, 0.31 apfu Nd) and La (La 2 O 3 average value = 8.25 wt %, 0.29 apfu La) are less abundant, Moreover, in the analyzed parisite Ca is generally scarce (CaO average value = 4.52 wt %, 0.46 apfu Ca), if compared with the proper parisite [31] . In the latter mineral, there are also atypical traces of Al (Al 2 O 3 average value = 1.82 wt %, 0.20 apfu Al), possibly caused by the background effect of kaolinite and Al-hydroxides.
Major Oxides and "Bauxitophile" Elements Composition
Whole rock major and trace element concentrations of representative samples from the Vecchia Miniera, Mt. Orsello, Campo Felice and Monti d'Ocre bauxite areas are given in .09 wt %. It is also important to consider that among the minor so-called "bauxitophile" elements V, Co, Ni, Cr and Zr [5] , the most enriched is Cr, with an average value of 0.07 wt % (maximum value detected at Mt. Orsello −0.08 wt % and minimum in the Campo Felice bauxite −0.05 wt %). Zirconium has an average value of 510.5 ppm (with a maximum of 562.6 ppm at Campo Felice).
Nickel has an average value of 210.8 ppm and shows the highest values in the Vecchia Miniera deposit (~210-230 ppm), whereas this element is depleted in the bauxite of the Monti d'Ocre (~160-180 ppm). Vanadium shows an average value of 266.5 ppm, with concentrations slightly variable in all deposits, except for the anomalously high values of the Vecchia Miniera and Mt. Orsello bauxites (respectively 312 and 319 ppm). Cobalt has average values of 35.8 ppm.
In the diagrams of Figure 6 , it can be observed that 
High-Tech Metals (REEs, Sc and Ga) Geochemistry
The total REEs amounts are strongly variable in the considered Abruzzi bauxites, with the highest concentrations observed in the Vecchia Miniera and in the Campo Felice (CFSW) deposits (REEs average values = 704 and 702 ppm respectively), whereas a sharp REEs-depletion characterizes the In Figure 6i, (Figure 6j ). In particular, in the Vecchia Miniera and Monti d'Ocre bauxites positive correlations with good fitting are visible, whereas an irregular, though positive correlation characterizes the Campo Felice deposit. Lastly, the Al 2 O 3 content and the La/YbN (CN) ratio are negatively correlated in the Mt. Orsello bauxite.
Cerium and Eu anomalies are very common in the Abruzzi bauxite. These anomalies are shown through the Ce/Ce* and Eu/Eu* ratio (Figure 8a-d) . Cerium anomalies occur in the Mt. Orsello, Campo Felice and in the Monti d'Ocre deposits, whereas in the Vecchia Miniera bauxite Ce has no remarkable anomalies. However, the Ce/Ce* index varies broadly in the studied deposits (Figure 8a-d) , with values ranging between 0.88 and 1.70, reflecting the occurrence of both positive and negative anomalies. Europium produces constant negative anomalies in the samples of the studied deposits (Figures 7 and 8) , with Eu/Eu* ratios narrowed between 0.63 and 0.71. 
Discussion
Genetic Process
The ore textures of the Abruzzi bauxites that vary between oolitic and oolitic-conglomeratic in all deposits, the presence of several grains/pebbles of older bauxite, as well as the angular fragments of hematite-goethite among the ooids, as already suggested by [7, 29] , corroborate the fact that the bauxite horizons currently in place are derived from the erosion and re-sedimentation of older bauxites and possibly also from eroded duricrusts, formed on the exposed carbonate platform. Moreover, the Fe-rich oolites and fragments commonly display an Al-hydroxide rich rim, which suggest a certain degree of in situ weathering that occurred after the reworking of the older bauxite-duricrust. Other features that highlight the occurrence of in situ alteration processes affecting the Abruzzi bauxites are the negative correlations between Al 2 O 3 and SiO 2 and Al 2 O 3 and Fe 2 O 3 , and the positive correlation between Al 2 O 3 and TiO 2 . These geochemical tendencies suggest that a significant leaching of silica and the concentration of more immobile elements such as Al, Fe and Ti occurred after the resedimentation of the old bauxitic material in karst cavities [8] .
The amounts of "bauxitophile" elements (Cr, Ni, V, Co, and Zr) are similar in all the studied deposits. Nickel and Co, which are elsewhere associated with parent rocks of basic affinity [8, 33] , have low concentrations in the Abruzzi bauxites. Vanadium occurs in normal amounts, although in some cases there are anomalies, probably derived from V-rich detrital minerals from the source rock. Detrital zircon and baddeleyite are responsible for the relatively high Zr concentration in the bauxite ore.
The REE amounts are generally constant in all Abruzzi deposits, except for a relative enrichment in the Campo Felice and Vecchia Miniera bauxites: the latter is the only deposit where we have detected a sample characterized by a very high La/YbN (CN) ratio. Moreover, even though in the Vecchia Miniera deposit the Ce anomalies are less marked likely as a result of a corresponding high La and Pr enrichment, the Ce/Ce* ratio is >1. The detection in the Abruzzi bauxites of authigenic LREE-minerals, such as the REE fluoro-carbonates and florencite,that are also common to most bauxite deposits of the world [11, [34] [35] [36] [37] [38] [39] , evidences that REEs were partially solubilized and mobilized from their "precursor" minerals, specifically detrital monazite (or other minor REEs-bearing minerals), and re-precipitated in new supergene phases. In fact, although the analysed monazites do not show clear textural evidences of chemical weathering, recent experimental works [40] have shown that oxidizing fluids are able to produce dissolution processes, generating lanthanides (mostly LREE) remobilization and favouring their subsequent uptaking in secondary phases. Monazite dissolution is controlled by the occurrence of U traces, as the oxidation of this element from the tetravalent (U 4+ ) to the hexavalent (U 6+ ) state strongly weakens the crystal lattice of such phosphate [41] . In fact, the monazites occurring in the Abruzzi bauxites show trace amounts of U, with a U 2 O 3 average value of 0.48 wt %, which could have favoured their dissolution. The precipitation of REE-fluoro-carbonates takes place under alkaline conditions, likely provided by the interaction between the groundwater and the footwall/hangingwall limestone [33, 42, 43] . During this process the Ce oxidation from the trivalent (Ce 3+ ) to the tetravalent (Ce 4+ ) state, plays an important role to favour the LREEs retainment in the newly formed supergene (and more stable) REE phases [43, 44] .
Another proxy showing the REE remobilization during bauxitization is their high-to-moderate correlation between REE concentrations and Al 2 O 3 amounts, which suggests the enrichment of REE during the progressive formation of Al-hydroxides after in-situ weathering of the precursor materials filling the karst cavities. A remarkable exception in the Al 2 O 3 -La/YbN (CN) relationship is the Mt. Orsello deposit, where a steep negative correlation was observed, and the La/YbN (CN) is positively correlated with Fe 2 O 3 , suggesting a major role of Fe-(hydr)oxides in the uptaking of LREEs [45] [46] [47] .
Recent works successfully showed that the mineralogy of and geochemistry of REE can be controlled by the variation of pH and Eh [38] , which can occur during several ore-forming stages that characterize the genesis of karst bauxites [38, 48] . For example, in the Permian Longhe and Tianyang bauxite deposits (China) the in situ bauxitization was characterized by an alkaline and oxidizing environment (7 < ph < 10, −0.8 < Eh < 0, [42, 49] ). Under these conditions, a classic enrichment in LREE and a depletion in HREE resulted in the precipitation of LREE-bearing fluoro-carbonates. In contrast, during the quaternary reworking of the bauxite in the karst networks, the strong pH and Eh variation triggered the LREE-fluoro-carbonates dissolution and, as a consequence, a significant decrease of the LREE/HREE ratio in the newly formed bauxite deposits [38] . Also, in the Abruzzi bauxite case study, the deposits likely underwent a multistage evolution that involved lateritization, erosion and reworking, and a relatively later bauxitization in situ also occurred in the karst networks. However, by taking into account that the observed REE secondary phases are present as open spaces infilling, it is possible to infer that the chemical weathering stage in the karst networks was the main factor controlling the current REE mineralogy and chemistry in the studied deposits.
Even though Sc and Ga have relatively low average concentrations in the Abruzzi bauxite (57 and 60 ppm respectively), their geochemical trends provide interesting insights. In fact, Sc displays moderately positive correlations with Fe 2 O 3 , whereas Ga is positively correlated with Al 2 O 3 (Figure 6g,h) . Considering the existing negative correlation between Fe 2 O 3 and Al 2 O 3 (Figure 6b) , it is evident that a significant geochemical (and possibly mineralogical) decoupling has occurred between Sc and Ga during the bauxitization process. The geochemical affinity of Sc with Fe 2 O 3 has been considered to a great extent both in bauxites and in laterites. Many authors [50] [51] [52] proposed that the Sc occurrence in residual soils is mainly related to an isomorphous substitution of Sc 3+ with Fe 3+ in the hematite lattice and lesser with the Sc 3+ uptaking as adsorbed metal onto the goethite surface. The behaviour of Ga during the bauxitization process could be variable. In particular, the Ga solubility depends on the pH of the soil solutions [53] [54] [55] [56] , which in turn define the Ga speciation in Al-or Fe-hydroxides. As shown by [56] , the Ga enrichment in Fe-(hydr)oxides requires a sharp physico-chemical variation of the soil solution towards very low pH values (<4). In the specific case of the studied bauxites, the correlation between Ga and Al 2 O 3 displays a steady ratio, thus pointing to constant pH conditions (pH > 4) during the bauxitization process.
Comparison with other Bauxite Deposits of the Tethyan Realm
The comparison between the chemistry of the major oxides of the Abruzzi deposits with those measured in other important Mediterranean bauxites (Figure 9a -f) has revealed some interesting features. The chemical composition of the bauxites in the Abruzzi district has been compared with other bauxites from the major districts of the circum-Mediterranean area: Spinazzola (Apulia) [42] , Salento and Gargano (Apulia) [11, 57] , Nurra (Sardinia) [44] , Matese Mts. and Caserta districts (Campania) [8, 10] , Bolkardagi (Turkey) [58] , Mortas (Turkey) [59] and the Parnassos-Ghiona district (Greece) [60] .
In the Al 2 O 3 vs. SiO 2 (Figure 9a ) diagram, the Abruzzi bauxites (about Al 2 O 3 50-60%, SiO 2 5-10%) are located in an area of the diagram also covered by the compositions of the majority of the other Mediterranean districts (45-65% Al 2 O 3 , SiO 2 1-12% approximately), with the exception of the Spinazzola (Apulia) bauxites, which form a cluster of values relatively enriched in SiO 2 (about 7-22%) and depleted in Al 2 O 3 (about 40-55%). Also, the Nurra (Sardinia) bauxite deviates from the other considered districts, presenting a wider range of values with Al 2 O 3 between 40% and 70%, and SiO 2 between 2% and 38%. However, the SiO 2 enrichment of the Sardinia bauxites is considered to be due to the alteration process caused by the circulation of Si-rich solutions, which caused the re-silicification of boehmite as a consequence of the emplacement of Tertiary volcanites on top of the bauxites [61] . Lastly, the Salento (Apulia) bauxites [57] [62] , BSL and UCC [63] [59] ) and Parnassos-Ghiona (Greece, [60] ) deposits has not been reported due to the absence of data in the original papers.
To better constrain the analogies and differences between the Abruzzi bauxites and several others from the Mediterranean area, their compositions have been plotted in the whole rock Al 2 O 3 -SiO 2 -Fe 2 O 3 (t) ternary plot [5] (Figure 10) This hypothesis was confirmed by the dating of zircons contained in Matese bauxite [9] , which in part resulted to have Cretaceous ages (ca. 90 Ma) as the host bauxites, finally testifying that part of the source material consisted of pyroclastic ashes derived from a volcanism coeval with the formation of bauxites [9] . At the same time, the additional occurrence of zircons with Pan-African ages do not exclude that part of the parent material consisted of eolian sands carried by winds from the African craton, in a similar way to the modern Saharan eolian dust, which is transported to great distances in Europe and also in North America [69] . The discovery of fine-grained detrital minerals in the Abruzzi bauxites (e.g., zircon, ilmenite, rutile, baddeleyite) supports a similar origin also for the parent material of the Abruzzi bauxite. However, we could not technically confirm beyond doubt the previous dating, because in the Abruzzi bauxites no measurable zircons were found so far.
During the bauxitization process, a fractionation of major, minor and trace elements, including REEs, takes place. Some ratios, especially the Eu/Eu* have proved, however, to be retained during intense weathering phenomena [44] . In all the Abruzzi deposits considered, the Eu/Eu* ratio shows negligible changes (0.67 < Eu/Eu* < 0.72; Figure 8) . Moreover, the values of the Eu/Eu* ratio are very similar to those calculated by [8] for the bauxites in the Matese Mts. Another insight into the possible source of the parent material for the Abruzzi deposits could be also derived from the diagram of Figure 9e , with its Ni and Cr contents compared with those of other Mediterranean karst bauxite ores [70] . It was observed that the Abruzzi bauxites have Ni-Cr contents very similar to those of Turkish [58, 59] , Sardinian [44] and Matese Mts. bauxites [8] , but much lower than those detected in most Greek bauxites [60] . This depends on the lack in other deposits of the Mediterranean realm of the basic protore signature shared by the Greek bauxites, which lye above or nearby ophiolites. Moreover, since both Al and Ti behave as immobile elements during the bauxitization process [71] , also the TiO2/Al2O3 ratio can be used as a reliable geochemical proxy of the nature of the source In conclusion, the Abruzzi bauxites are very similar in the chemical composition of their major elements to other Mediterranean bauxite ores, but are distinctly different from the Apulian and Sardinian deposits.
Parental Affinity of the Bauxite
While lateritic bauxites can be directly related, through their textures and composition, to the underlying source rocks [1] , this is rarely the case for bauxites occurring above carbonate sequences (karst bauxites). The origin of the parent material for the karst bauxites in Central and Southern Apennines is a matter of debate, essentially because the carbonate platform hosting these deposits is considered to have remained of the "Bahamian"-type for all the Mesozoic, precluded to any direct input of siliciclastic marine or fluviatile sedimentation before and during bauxite formation [65] [66] [67] .
For this reason, there was a strong "historical" feeling that the Apennine bauxites were possibly originated from windblown pyroclastic materials that covered the carbonate platforms and were then subjected to in situ lateritization and local remobilization [7, 23] , as it is the case of Jamaican bauxites [68] .
This hypothesis was confirmed by the dating of zircons contained in Matese bauxite [9] , which in part resulted to have Cretaceous ages (ca. 90 Ma) as the host bauxites, finally testifying that part of the source material consisted of pyroclastic ashes derived from a volcanism coeval with the formation of bauxites [9] . At the same time, the additional occurrence of zircons with Pan-African ages do not exclude that part of the parent material consisted of eolian sands carried by winds from the African craton, in a similar way to the modern Saharan eolian dust, which is transported to great distances in Europe and also in North America [69] . The discovery of fine-grained detrital minerals in the Abruzzi bauxites (e.g., zircon, ilmenite, rutile, baddeleyite) supports a similar origin also for the parent material of the Abruzzi bauxite. However, we could not technically confirm beyond doubt the previous dating, because in the Abruzzi bauxites no measurable zircons were found so far.
During the bauxitization process, a fractionation of major, minor and trace elements, including REEs, takes place. Some ratios, especially the Eu/Eu* have proved, however, to be retained during intense weathering phenomena [44] . In all the Abruzzi deposits considered, the Eu/Eu* ratio shows negligible changes (0.67 < Eu/Eu* < 0.72; Figure 8 ). Moreover, the values of the Eu/Eu* ratio are very similar to those calculated by [8] for the bauxites in the Matese Mts. Another insight into the possible source of the parent material for the Abruzzi deposits could be also derived from the diagram of Figure 9e , with its Ni and Cr contents compared with those of other Mediterranean karst bauxite ores [70] . It was observed that the Abruzzi bauxites have Ni-Cr contents very similar to those of Turkish [58, 59] , Sardinian [44] and Matese Mts. bauxites [8] , but much lower than those detected in most Greek bauxites [60] . This depends on the lack in other deposits of the Mediterranean realm of the basic protore signature shared by the Greek bauxites, which lye above or nearby ophiolites. Moreover, since both Al and Ti behave as immobile elements during the bauxitization process [71] , also the TiO 2 /Al 2 O 3 ratio can be used as a reliable geochemical proxy of the nature of the source material [8] 
Conclusions
The bauxite textures in the Abruzzi district range between oolitic and conglomeratic, likely pointing to erosion of older lateritic profiles, subsequent resedimentation on a karstic landscape, followed by reworking and diagenetic processes. Boehmite and hematite are the major minerals in the ooids, whereas kaolinite prevails in the matrix. Other minor constituents occur both as fine-grained detrital minerals (ilmenite, rutile, zircons, baddeleyite, monazite, xenotime) and as neo-formed phases (REE-fluoro-carbonates). The detection of authigenic REE-bearing minerals, together with the positive and negative Ce anomalies confirm that also in the case of the Abruzzi deposits, weathering and bauxite formation are effective processes for REE mobilization and enrichment in surficial environments. Further studies on this point are planned, in order to fully constrain the precise controls that different factors played in the REE redistribution. Scandium and Ga occur as trace elements in all the investigated bauxite profiles, and their distribution is chiefly controlled by the uptaking in neo-formed Fe-and Al-(hydr)oxides.
The new data obtained with the present study, integrated with the already published literature on other karst bauxites of the Mediterranean realm, suggest that the source materials of the Abruzzi bauxites were probably similar to those hypothesized (and partly proven) for the other bauxites of the Apennine chain. These materials were possibly characterized by an acid nature, resulting from a combination of pyroclastic ashes and eolic dust, both originated from relatively distant sources.
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